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ABSTRACT

Thirteen experiments have been performed using the Goddard Institute for Space Studies General Circulation
Model (GISS GCM) to investigate the response of the large-scale circulation to different macroscale cloud
vertical structures (CVS). The overall effect of clouds, the role of their geographic variations, and difference
between the transient and equilibrium responses of the atmospheric circulation are also studied. Clouds act to
suppress the Hadley circulation in the transient response, but intensify it in the equilibrium state. Changing CVS
affects the atmospheric circulation directly by modifying the radiative cooling profile and atmospheric static
stability, but the effect is opposed, on average, by an indirect effect on the latent heating profile produced by
deep (moist) convection. Different interactions of radiation and convection with land and ocean surfaces mean
that this cancellation of CVS effects on radiative and latent heating is not the same at all locations. All three
parameters of the CVS seem equally important: the cloud-top height of the uppermost cloud layer, the presence
of multiple layers, and the separation distance between two consecutive layers in a multilayered cloud system.
In experiments with a globally uniform, single-layered cloud, the one with the cloud located somewhere at
middle levels (720–550 mb in this model) results in the strongest Hadley circulation; with a single-layered cloud
located above or below this level, both the circulation intensity and its vertical extent decrease. Inserting another
cloud layer below a cloud in the upper troposphere also intensifies the Hadley circulation, the effect increasing
with decreasing separation distance. Separately, vertical gradients in the cloud distribution appear to be more
important to the circulation strength than horizontal gradients, but horizontal variations in the CVS are needed
to explain the strength of the mean circulation in the model atmosphere. The results also suggest that explicitly
resolving cloud-top radiative cooling and base warming for each cloud layer is important to modeling the Hadley
circulation.

1. Introduction

Much emphasis in recent studies of the role of clouds
in the climate is on the average cloud effects on the
earth and surface radiation budgets (ERB and SRB) (see
reviews by Arking 1991; Wielicki et al. 1995). However,
the impact of clouds on the mean ERB and SRB only
indicates their influence on the climate indirectly be-
cause their direct effects on the atmospheric circulation
work through their perturbations of the temporal, ver-
tical, and horizontal distributions of radiative energy
within the atmosphere (Webster and Stephens 1984).

Satellite observations of cloud-induced changes of
ERB constrain the total heat transport by the ocean–
atmosphere system (Sohn and Smith 1992a, 1992b,
1992c), but do not provide direct measurements of
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cloud-induced changes of radiative fluxes at the surface
and within the atmosphere. Rossow and Lacis (1990)
and Zhang et al. (1995) developed an approach to cal-
culate radiative fluxes at the top-of-atmosphere (TOA)
and at the surface by using a radiative transfer model
and the physical properties of the clouds, atmosphere,
and surface derived from satellite observations. Based
on the difference between the net radiative fluxes at
TOA and surface, which gives the total net radiative
flux into the atmosphere and cloud-induced changes in
this difference, Rossow and Zhang (1995) suggested
that clouds enhance the latitudinal gradient in the ra-
diative cooling in the atmosphere and, therefore, rein-
force the radiative forcing for the mean atmospheric
circulation. Zhang and Rossow (1997) extended this
study to show that clouds increase the mean meridional
energy transport required of the atmosphere and de-
crease that required of the oceans. Neither of these stud-
ies considered the vertical distribution of radiative heat-
ing within the atmosphere because their calculations as-
sumed single-layer clouds at each location and time. In
addition, how the atmospheric circulation responds to
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cloud-generated perturbations in the radiation field is
beyond the reach of these studies. Using a general cir-
culation model (GCM), we begin to investigate how
cloud-induced perturbations of the vertical profile of
radiative heating/cooling modify the atmospheric cir-
culation, including feedbacks by moist convection.

B. G. Hunt (1978) found that complete removal of
clouds from his model produced surprisingly small
changes of the general circulation. This result was crit-
icized as misleading because of the neglect of important
feedback mechanisms, such as relative humidity and sea
ice albedo feedback (G. E. Hunt et al. 1980); but the
insensitivity of the modeled atmospheric circulation to
the removal of clouds is most likely due to the fixed
sea surface temperature (SST). Meleshko and Wetherald
(1981) and Shukla and Sud (1981) investigated the ef-
fects of geographic and temporal variations of cloud
cover on atmospheric circulations, respectively. Slingo
and Slingo (1988, 1991) and Randall et al. (1989) ex-
amined the importance to the general circulation of
cloud-induced alterations of the longwave (LW) radi-
ative cooling of the atmosphere. Ramaswamy and Ra-
manathan (1989) also showed that solar heating rates
within extensive tropical convective anvil decks (;1.5
K day21) influence the atmospheric circulation by reg-
ulating the meridional heating gradients within the upper
troposphere. Liang and Wang (1997) found that a ‘‘mo-
saic’’ treatment of cloud overlap in a GCM, instead of
the commonly used ‘‘random’’ overlap scheme, can im-
prove the GCM-simulated climate significantly because
of different atmospheric radiative heating/cooling dis-
tributions (see also Stubenrauch et al. 1997). These stud-
ies are limited because they consider only one part of
the cloud effects on the atmospheric circulation and use
specified SSTs. In particular, none of these studies in-
vestigated the effects of cloud vertical structure on at-
mospheric circulations, including the effects of varia-
tions of cloud top and base heights, cloud-layer thick-
nesses, and the vertical distribution of multilayered
clouds.

Cloud vertical structure (CVS) affects the atmospher-
ic circulation by determining the vertical gradients of
radiative heating/cooling and latent heating (e.g., Web-
ster and Stephens 1984). Tropical studies have shown
that the extensive tropical cloud clusters associated with
cumulus towers can generate notable perturbations of
the local radiative heating profile (several tens of kelvins
per day) (Webster and Stephens 1980) that are about the
same magnitude as those produced by latent heat release
and sufficient to alter both the large-scale circulation
and deep cumulus convection (Houze 1982; Hartmann
et al. 1984; Machado and Rossow 1993). Randall et al.
(1989) found that different cloud vertical distributions
in two models contributed to the difference in responses
of atmospheric circulations to cloud LW radiative forc-
ing in the atmosphere, although the two models have
the same vertically integrated ‘‘cloud radiative forcing.’’
Slingo and Slingo (1991) found that changing the cloud

prediction scheme in their model caused alterations in
the vertical profile of ‘‘cloud longwave atmospheric
forcing,’’ leading to a substantial reduction in surface
evaporation and intensification of the twin anticyclones
to the north and south of the major tropical diabatic
heating anomalies.

Cloud-induced radiative perturbations in a GCM and
the GCM-predicted cloud vertical structure cannot be
validated because there is little information on CVS
available (Wang and Rossow 1995; Wang 1997). Nev-
ertheless, a GCM can be used to study the processes
linking CVS to the model circulation and to suggest
observational studies to test the validity of these models
processes. Such studies might also help define the re-
quired observational accuracy for CVS and suggest
cloud improvements in GCMs.

It is clear from the above summary of previous studies
that CVS is important, but that this importance has not
really been quantified nor studied in all respects. In
particular, we wish to determine whether the occurrence
of multilayered clouds has any significant consequences
beyond what can be represented with single-layered
clouds. In this study, we performed a series of experi-
ments using a recent version of the NASA Goddard
Institute for Space Studies (GISS) GCM to study the
effects of CVS on atmospheric circulations. In two
ways, our study is unique and different from other stud-
ies. First, most other studies examined the effects of
removing clouds or varying their heights; we focus on
the importance of the vertical structure by exploring
quantitatively the different effects between single and
multilayered clouds and among multilayered clouds.
Second, to understand how CVS influences the circu-
lation, we focus on its role in indirectly modulating
latent heating by coupling its direct radiative effect with
the convective process in contrast to concentrating on
purely cloud-radiative effects as in previous studies.

Thirteen experiments have been conducted using the
GISS GCM to study effects of CVS on atmospheric
circulations (described in section 2). We focus on the
Hadley circulation since changes in the vertical distri-
bution of the total diabatic heating are expected to in-
fluence it most directly (Rind and Rossow 1984). In
addition, we consider the overall effect of clouds by
contrasting the atmospheric circulations with and with-
out clouds and with and without geographic variations
of clouds with the circulations obtained with different
CVS. We also compare the transient and equilibrium
responses of the atmospheric circulation to changed
CVS. Since CVS is specified in our experiments, the
full feedback among clouds, radiation, and circulation
is not allowed. Thus, we focus on the transient exper-
iments, where little change in surface (ocean) temper-
ature has occurred, to isolate the initial tendencies of
the circulation changes that should be more represen-
tative of the interactions between CVS and the circu-
lation in the model’s climate (section 3). In section 4,
we explain how the cloud-induced radiative heating
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FIG. 1. Zonal mean cloud-top pressure (mb) in January in the
control run. Dashed lines represent the boundaries of GCM vertical
layers. The numbers denote the layer number.

TABLE 1. Description of experiments.

Group Experiment Experiment description

Control The mean of last 10-yr Jan control run
1) Overall cloud’s impact CLR Clouds removed in the radiation scheme
2) Impact of cloud’s

latitudinal and
longitudinal variations

ZMSL
GDSL

Zonal mean single-layered cloud
Single-layered clouds with geographic

distributions
3) Single-layered clouds SL3

SL4
SL5
SL7

A single-layered cloud in layer 3
A single-layered cloud in layer 4
A single-layered cloud in layer 5
A single-layered cloud in layer 7

4) Double-layered clouds DL35
DL37
DL57
DL67

Two-layered clouds in layers 3 and 5
Two-layered clouds in layers 3 and 7
Two-layered clouds in layers 5 and 7
Two-layered clouds in layers 6 and 7

5) Two equilibrium runs CLR-E
SL7-E

CLR with 40-yr running period
SL7 with 30-yr running period

changes interact with changes in the latent heating by
convection to alter the Hadley circulation. Finally, in
section 5, several points arising from these experiments
are highlighted and discussed.

2. Model and experiments

a. Model description

The general circulation model used in this study is
an updated version of Model II developed at GISS (Han-
sen et al. 1983). The cloud parameterization differs from
Model II and is composed of a prognostic cloud water
scheme for large-scale clouds (Del Genio et al. 1996)
and an improved parameterization of moist convection
(Del Genio and Yao 1993). When coupled to a mixed
layer (so-called Q-flux) ocean, this model is being used
by Yao and Del Genio (1997, personal communication)
to study cloud feedbacks on climate simulations. The
control run described below is also used in their study.
This model has nine vertical layers up to 10 mb (Fig.
1) and a horizontal resolution of 48 3 58 (lat 3 long).

Ocean surface temperature and ice cover in the model
are computed based on energy exchanges with the at-
mosphere and specified, geographically and seasonally
varying ocean heat capacity (mixed layer depth) and
heat transports (Hansen et al. 1984; Hansen et al. 1988).
Monthly ocean mixed layer depths are compiled from
the National Oceanographic Data Center (NODC) me-
chanical bathythermograph data (NOAA 1974) and
from temperature and salinity profiles in the southern
ocean (Gordon 1982); but a 250-m maximum is imposed
to reduce computer time. The horizontal ocean heat
transport is identical to that in the control run in all
experiments; that is, there is no feedback of ocean heat
transport on the changing climate.

b. Experiment design

The control run is a 40-yr simulation (started from
another model run, so the control run does not represent
a particular time period). Thirteen experiments have
been performed, categorized into five groups (Table 1),
by specifying different fixed cloud vertical structures in
the radiation model. In Table 1, abbreviations indicate
what clouds are specified in the radiation scheme: CLR
means clear sky, that is, no clouds are specified, and SL
and DL mean that only single-layered and double-lay-
ered clouds are specified, respectively. The model layer
containing a cloud is indicated by a number (layer 7 is
the top of the troposphere and layer 1 is at the surface,
see Fig. 1). All experiments, except CLR-E and SL7-E
in group 5, were run for three months (December, Jan-
uary, and February) starting on 1 December; the quan-
tities shown have been averaged over these three
months. The SL7-E was run for 30 yr, attaining ap-
proximate equilibrium after 20 yr. The CLR-E did not
quite reach thermal equilibrium, even after a 40-yr run;
however, the dynamic quantities (e.g., total angular mo-
mentum, wind speeds) appeared to be in equilibrium
after 25 yr. The equivalent quantities from the control
run and the two equilibrium runs (denoted by E) are
averaged over the Januarys in the last 10 yr. The results
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from all experiments, except the control run, CLR-E
and SL7-E, represent initial tendencies before the ocean
temperature has changed significantly rather equilibrium
changes where additional feedbacks come into play.

Many studies of cloud-radiative effects have been
done by changing the geographic or temporal variations
of clouds or removing part of their radiative effects (e.g.,
Meleshko and Wetherald 1981; Shukla and Sud 1981;
Le Treut and Laval 1984; Slingo and Slingo 1988, 1991;
Randall et al. 1989). However, only B. G. Hunt’s sim-
ulations provided a very unique understanding of the
total cloud effect by completely removing the clouds.
Given all the changes in GCMs made in the past 18 yr,
repeating this experiment can provide an interesting as-
sessment of the role of clouds in current models for
comparison with the effects on atmospheric circulations
implied by satellite observations and radiative transfer
calculations (Sohn and Smith 1992a; Rossow and Zhang
1995). In CLR and CLR-E (Table 1), all clouds are
removed in the radiation scheme at each radiation time
step (5 h). We compare the transient and equilibrium
responses of the atmospheric dynamics to cloud-radia-
tive effects using CLR and CLR-E.

In the other 11 experiments, the radiative effects of
CVS on the model circulation are isolated by preserving
the total column cloud cover, optical thickness, and par-
ticle size that are predicted by the cloud subroutines at
each time step, but rearranging the CVS to a prespecified
arrangement in the radiation subroutine (cloud phase can
change with temperature if the cloud is moved from its
predicted location). This approach preserves the total
solar heating, most of which occurs at the surface, and
emphasizes changes in the vertical distribution of long-
wave cooling of the atmosphere. Since CVS is fixed in
each experiment at each time step, there is no feedback
on CVS when the atmospheric circulation changes;
however, there are feedbacks on cloud cover, optical
thickness, and particle size (that turn out to be negligible
in the transient experiments).

Clouds also vary geographically, and such variations
can also play an important role in modulating atmo-
spheric circulations (cf. Meleshko and Wetherald 1981).
To isolate variations in CVS from geographic variations,
we ran two experiments with zonal mean and geograph-
ically varying single-layer clouds (ZMSL and GDSL in
group 2 in Table 1), respectively, to study the effects
of the latitudinal and longitudinal cloud variations on
the mean meridional circulation (MMC). The single
cloud layer in these experiments is in the average lo-
cation of the clouds in the control run (layer 4 in the
zonal mean for most latitudes, see Fig. 1).

Experiments in groups 3 and 4 (Table 1) focus on the
impacts of CVS by assuming a globally uniform CVS.
The global mean cloud layer location in the control run
is in layer 4 (720–550 mb). In SL4, a single-model-
layer cloud is specified in layer 4 at all cloudy locations
at each time step with the same predicted total column
optical depth and total cloud cover. The global mean

frequency of multilayered clouds (defined as cloud lay-
ers with at least one intervening clear layer) in the con-
trol run is 23.5% with an inhomogeneous geographic
distribution (not shown). Surface observations indicate
multilayered cloudiness about 49% of the time, and ra-
winsonde humidity profiles imply the occurrence of
multilayered clouds about 46% of the time (Wang 1997).
Thus, the model underestimates the frequency of mul-
tilayered clouds probably because of its coarse vertical
resolution. Most of individual cloud layers (76.5% glob-
ally) are only one model-layer thick. Therefore, we also
compare to the control run an experiment (DL35), where
we specify cloud layers in layer 3 and layer 5, globally,
to give the same global mean location as the control
run. The total column optical depth is distributed in two
model layers in proportion to their physical thicknesses.
The control run CVS is thus intermediate between the
extremes of SL4 and DL35. In the remaining experi-
ments in groups 3 and 4, other single- and double-layer
CVS are specified. The SL7-E is the same as SL7, except
that it has been run to equilibrium.

3. Effects of CVS changes on MMC

The zonally averaged mass stream function and its
standard deviation for the last 10 Januarys in the control
run are shown in Fig. 2. The Hadley cell is more intense
in the Northern Hemisphere (NH). The distribution of
standard deviations (Fig. 2b) indicates that larger year-
to-year fluctuations occur in the ascending branches of
the Hadley cells in both hemispheres and in the center
of Ferrel cell in the NH. In the discussion of the ex-
periments, only changes in the mean circulation that
exceed the standard deviation in the control run are
considered to be significant. The simulated Hadley cell
in our model (Fig. 2a) is 10%–20% too weak and ex-
tends several degrees too far north in comparison to
observations (Hansen et al. 1983; Rind and Rossow
1984). These deficiencies may distort the results of our
simulations; we note that Rind and Rossow (1984) show
that their results from even more extreme changes were
of a similar nature using two different versions of the
GISS model. We focus our attention on the Hadley cir-
culation because changes in the diabatic heating have a
more direct effect on it (Rind and Rossow 1984), but
some variations in the Ferrel cells are briefly discussed.
In this section we will describe only the changes in the
MMC that occur in the experiments and hold expla-
nations until section 4.

a. Vertically integrated MMC

Table 2 summarizes the characteristics of the zonal
mean, vertically integrated Hadley and Ferrel circula-
tions for the control run and all of the experiments. The
latitudinal limits of the Hadley cells are determined by
the latitudes where the vertically integrated stream func-
tion is negative for NH and positive for the Southern
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FIG. 2. (a) Zonal mean mass stream function and (b) its standard deviation (109 kg s21) in
January for the mean of 10-yr control run.

TABLE 2. Zonal mean vertically integrated general circulation characteristics.

Hadley cell
(Northern–Southern Hemispheres)

Experi-
ment

Peak
intensity

(109 k gs21)
Peak

latitude
N

limit
S

limit
dH/dy

(107 W m21)

Ferrel cells
(Northern–Southern Hemispheres)

Peak
intensity

(109 kg s21)
Peak

latitude

EKE
(104 J m22)
(368N,528S)

Control
CLR
ZMSL
GDSL
SL3
SL4
SL5
SL7
DL35
DL37
DL57
DL67
CLR-E
SL7-E

294.7/29.4
289.9/30.6
291.6/34.6
290.4/31.1
282.2/29.3
287.0/31.0
282.8/30.0
254.7/15.1
286.5/32.0
264.4/15.9
272.6/21.6
281.3/17.7
251.8/26.9
265.2/13.3

168N/248S
128N/248S
168N/128S
168N/248S
168N/248S
168N/248S
168N/248S
168N/248S
168N/248S
168N/208S
168N/248S
128N/248S
288N/328S
168N/328S

388N/ 68S
388N/108S
388N/ 68S
388N/ 68S
388N/ 68S
388N/ 68S
388N/ 68S
468N/108S
388N/ 68S
408N/108S
428N/108S
408N/108S
608N/148S
568N/188S

68S/388S
108S/388S
68S/348S
68S/388S
68S/348S
68S/388S
68S/388S

108S/388S
68S/348S

108S/388S
108S/388S
108S/388S
148S/458S
188S/588S

4.27/1.63
3.15/2.88
3.32/4.96
3.91/1.62
2.94/1.68
3.91/1.41
2.94/2.11
2.30/1.30
2.96/2.06
2.35/0.62
2.59/2.13
1.99/1.72
0.95/1.16
2.94/0.54

16.0/215.1
15.3/212.9
13.3/211.0
13.3/213.1
13.3/213.0
16.3/213.3

7.7/215.6
5.9/ 26.9

13.0/213.6
8.2/ 29.2

11.8/211.1
10.0/ 26.3

*
*

488N/488S
488N/488S
488N/448S
488N/448S
448N/488S
488N/488S
488N/488S
568N/528S
488N/488S
488N/488S
528N/488S
488N/528S

*
*

188.1/122.1
165.6/120.5
183.6/113.0
169.2/117.6
183.1/105.9
174.1/121.1
170.2/120.5
99.8/ 69.5

180.8/121.6
123.2/ 75.6
131.6/ 83.5
123.3/ 63.4
42.6/ 29.3
67.2/ 31.7

* Ferrel cells disappear.

Hemisphere (SH). The latitudinal gradient of the ver-
tically integrated diabatic heating, ]H/]y, is the primary
drive for the Hadley circulation (Rind and Rossow
1984) and is calculated at latitudes of peak stream func-
tion intensity. Total diabatic heating is the sum of ra-
diation cooling, moist and dry convective heating, and
latent heating by precipitation in large-scale clouds.

Table 2 shows that the peak intensities of the NH
Hadley cell are decreased in all experiments compared
with the control run, which is directly associated with
reduced latitudinal gradients of the diabatic heating. The
correlation coefficients between the peak intensity and

]H/]y in the Northern and Southern Hemisphere are 0.80
and 0.62, respectively. The eddy contributions to the
MMC forcing, both the eddy heat and momentum fluxes,
are responsible for a thermally indirect Ferrel cell in the
extratropics. In all experiments, the Ferrel cells in both
hemispheres are weaker than in the control run because
of decreased eddy kinetic energy (Table 2).

The equatorward limit on the Hadley circulation is
set by the location of the maximum total heat source
(Rind and Rossow 1984), which is approximately con-
stant in all the experiments (not shown). The only sig-
nificant latitude shifts of the equatorward limit of the
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FIG. 3. (a) Zonal mean mass stream function (109 kg s21) for the clear sky in the transient run
(CLR), (b) the difference in stream function between CLR and the control run, (c) the difference
between the absolute values of (b) and the standard deviation of stream function in the control
run.

Hadley circulation occur in the two equilibrium exper-
iments (CLR-E and SL7-E), where there is a southward
shift of Hadley cell in the NH (discussed in section 4).
Rind and Rossow (1984) concluded that the location of
the polarward limit of the Hadley cell depends on the
relative intensities of the forcing for the Hadley and
Ferrel cells. Both Hadley and Ferrel cells in the NH are
weakened in all experiments, so that the poleward limit
remains about the same (poleward shifts #48 lat, the
horizontal resolution of the model), except in SL7 and
the two equilibrium experiments. In SL7, the 63% de-
crease in the peak intensity of the Ferrel cell in the NH
exceeds the 42% decrease of the Hadley cell, leading
to an 88 poleward shift of the dividing line between the
Hadley and Ferrel cells. In the two equilibrium exper-
iments, the Ferrel cells disappear and the Hadley cells
extend to the poles.

b. Overall impact of clouds

In the cloud-free transient run (CLR), the ascending
branch of the NH Hadley circulation intensifies and

spreads southward and upward compared with the con-
trol run (Fig. 3). This initial tendency of removing
clouds to enhance the Hadley circulation appears to con-
tradict the conclusion from satellite analyses of cloud
effects on the radiative forcing for the MMC (Sohn and
Smith 1992a; Rossow and Zhang 1995). However, as
explained in section 4b, this disagreement disappears
when the results of the equilibrium experiment (CLR-
E) are examined: Figure 4 shows that, with all clouds
removed, the Hadley circulations in both hemispheres,
especially the NH, are much weaker (only 48% of peak
intensity in the NH) than in the control run; but extend
over a wider range of latitudes and to larger heights
(Figs. 2a and 4a). In other words, in the equilibrium
state, clouds serve to intensify the Hadley circulation
intensity, but reduce its latitudinal and vertical extents.
A similar result appears in the other equilibrium ex-
periment (SL7-E) (see Fig. 9a). In these equilibrium
states, atmospheric conditions and, consequently, some
of the cloud radiative effects are substantially different
from the control run. For instance, global mean surface
temperature has increased to 278C and 428C in SL7-E
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FIG. 4. (a) Zonal mean mass stream function (109 kg s21) for the clear sky in the equilibrium
run (CLR-E) and (b) the difference between CLR-E and the control run.

and CLR-E, respectively, from 3.58C in the control run.
To isolate the direct effects of CVS without the addi-
tional feedbacks that come into play when atmospheric
properties are significantly altered, we focus on the tran-
sient responses of the model in this study.

c. Impact of latitudinal and longitudinal
cloud variations

In the ZMSL experiment, a single-layered cloud is
placed at the zonal mean height of the control run clouds
and in the SL4 experiment, a globally uniform, single-
layered cloud is specified in layer 4, the global mean
height of the control run clouds. Comparing the mean
stream functions in these two experiments illustrates the
influence of latitudinal variations of CVS in the model
(actually it is the variations of cloud-top height because
only single-layered clouds are used). The results (Fig.
5a) indicate that the meridional variations of CVS tend
to amplify the Hadley circulations in both hemispheres.
In the GDSL experiment, the longitudinal variations of
the cloud-top heights of a single-layered cloud are added
to the ZMSL distribution. The differences between
GDSL and ZMSL in Fig. 5b show that the longitudinal
variations of CVS diminish the Hadley circulations in
both hemispheres. Thus, the latitudinal and longitudinal
variations of CVS have opposite effects on the Hadley
circulations. Note that only magnitudes of differences
in stream function in 208–108S in Figs. 5a,b are larger
than the standard deviations in the control run.

Since the effects of the latitudinal and longitudinal
CVS variations oppose each other and since testing the
effects of CVS on the circulation is more complicated

if geographic variations must also be specified, we have
simplified the experiments by using a globally uniform
CVS. Thus, the tendency of changes in CVS in the
remaining experiments is judged by comparison with
the SL4 experiment, where a single-layered cloud is
located at the global mean cloud location of the control
run clouds.

d. Impact of CVS changes

The differences between a single-layered cloud and
double-layered clouds, both with the same global av-
erage height as in the control run (layer 4), are illustrated
by comparing experiments SL4 and DL35 (Fig. 6). Both
exhibit similar Hadley circulations in the SH as in the
control run; but the NH Hadley circulation in DL35 is
stronger, in better agreement with the control run, be-
cause it better approximates the higher frequency of
multilayered cloudiness in the NH in the control run.
The weaker NH Hadley circulation in SL4 compared
with the control run arises despite some enhancement
of the descending branch.

The vertically integrated peak intensities of the NH
Hadley circulation in experiments with a single-layer
cloud above layer 4 (SL5 and SL7) or below layer 4
(SL3) are smaller than with a cloud in layer 4 (SL4)
(Table 2). In other words, the initial effect of the ra-
diative perturbation caused by placing a single cloud
layer somewhere near the middle of the troposphere
produces the strongest Hadley circulation. Moving the
cloud layer either up (SL5 and SL7) or down (SL3)
from layer 4 suppresses the descending branch of the
Hadley cell in the NH, the effect becoming stronger and
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FIG. 5. The difference in zonal mean stream function (109 kg s21) (a) between ZMSL and SL4
and (b) between GDSL and ZMSL.

FIG. 6. The difference in zonal mean stream function (109 kg s21) (a) between SL4 and the
control run, and (b) between DL35 and the control run.

extending farther toward the center of the ascending
branch as the cloud layer moves farther from layer 4
(Fig. 7). This weakening of Hadley circulation is offset
by an intensification of the ascending branch of the NH
Hadley cell by a cloud in layer 5 (Fig. 7b). When the
cloud is in the upper troposphere (layer 7), the SH Had-
ley cell is significantly weakened compared with SL4
(Fig. 7c) and the locations of the maximum stream func-

tion of both Hadley cells move down from around 500
mb in SL3, SL4, and SL5 to around 800 mb.

For two-layered clouds with the same lower-layer lo-
cation in layer 3 (DL35 and DL37), the experiment with
the higher cloud-top height (DL37) produces a weaker
but wider Hadley circulation in both hemispheres (Table
2) with a lower altitude of the peak stream function. For
two-layered clouds with the same upper-layer location
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FIG. 7. The difference in zonal mean stream function (109 kg s21) between the cases with a
single-layer cloud in layers (a) 7, (b) 5 and (c) 3 and the case with a cloud in layer 4.

in layer 7 (DL37, DL57, and DL67), the Hadley cir-
culation is stronger relative to the experiment (SL7) with
a single-model-layer cloud in layer 7, particularly in the
NH (Fig. 8). As the altitude of the lower layer increases,
both the magnitude of the intensification and the altitude
of the peak stream function increase (Fig. 8). The max-
imum magnitude of the stream function is 104, 105, and
145 3 1029 kg s21 and the pressure of the peak is at
800, 400, and 250 mb for DL37, DL57, and DL67,
respectively. The experiments SL7 and DL67 have the
same cloud-top pressure but different cloud vertical ex-
tents and generate very different general circulations
(Fig. 8a), indicating the importance of cloud-layer thick-
ness and GCM vertical resolution to the resulting cir-
culation (see section 4e).

SL7-E has the same CVS as SL7, but illustrates the
circulation attained in equilibrium. Figure 9 shows that
the NH Hadley circulation is weaker in the equilibrium
than the transient circulation, while there are local in-
tensifications and a larger latitudinal extent in the upper
troposphere. This shows that the additional feedbacks
that occur once the ocean and atmospheric temperatures

begin to change can alter the total effect of CVS on the
atmospheric circulation (cf. section 3b).

4. Explanations on changes of MMC

In this section, we present an explanation of how, in
our model, changes in CVS produce the Hadley cir-
culation changes described in section 3 by modifying
the radiative cooling and, indirectly, the latent heating.
Since the changes of MMC presented, especially in-
volving feedbacks, may be particular to the GISS GCM,
the explanation is model dependent. This model depen-
dence will be discussed further in section 5. Neverthe-
less, the model explanation is also a plausible theory of
how the real atmospheric circulation might respond to
changes in the CVS.

a. Basic theory

Rind and Rossow (1984) illustrated the influences of
different heat, momentum, and moisture budget pro-
cesses on the mean meridional circulation (MMC). The
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FIG. 8. The difference in zonal mean stream function (109 kg s21) between the experiments with
two-layered clouds in layers (a) 7/6, (b) 7/5, and (c) 7/3 and the experiment with a single-model-
layer cloud in layer 7 (SL7).

latitudinal gradient of the diabatic heating (]H/]y) is the
primary drive for the Hadley circulation; decreasing dia-
batic heating with latitude forces a thermally direct cir-
culation. The total diabatic heating of the atmosphere,
and its two main components, radiative cooling and
moist convective heating, in the control run for January
are shown in Fig. 10. The maximum heat source is at
68N, produced mainly by latent heat release in the in-
tertropical convergence zone, while the radiative cool-
ing, which dominates in the subtropics, attains a local
minimum there. There is a secondary peak of diabatic
heating near 68S. Overall, ]H/]y , 0 (Fig. 10).

In the 13 experiments (Table 1), cloud vertical struc-
tures are altered from what the model predicts to the
specified CVS in the radiation subroutine. Not only do
these changes directly induce perturbations in the ra-
diative heating/cooling rate profiles, which are easily
interpreted from the changed cloud distributions, but
they also induce changes in the convective latent heating
through several feedback relationships. Latent heat re-
lease in the Tropics is controlled by atmospheric ther-
modynamics (dry and moist static stability), the large-

scale dynamics (convergence of moist energy), and sur-
face evaporation (cf. Fu et al. 1994). The feedback re-
lationships in the GISS GCM are illustrated in Fig. 11.
At each model time step, the four physics subroutines
of concern here run in order: large-scale (explicit) dy-
namics, moist convection, large-scale clouds, and ra-
diation. The key point is that the temperature and hu-
midity fields are updated at the end of each subroutine.

Staring at the end of time step 1, the CVS specified
for the particular experiment is inserted into the radi-
ation subroutine, regardless of what vertical distribution
was predicted by the previous run. The changed CVS
directly alters the radiative cooling, which modifies the
atmospheric temperature profile and the moist static sta-
bility. At the beginning of time step 2, the large-scale
atmospheric dynamics (we focus on the Hadley circu-
lation) reacts to the pressure gradients implied by hor-
izontal and vertical variations of temperature obtained
from the aggregated effects of the four subroutines in
time step 1. The Hadley circulation then modifies the
moist static stability of the atmosphere by transporting
heat and water vapor. The subgrid-scale convection then
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FIG. 9. Zonal mean stream function (109 kg s21) for the experiments with a single-model-layer
cloud in layer 7 (a) in the equilibrium state (SL7-E) and (b) the transient state (SL7) and (c) their
difference.

reacts to the given large-scale convergence and surface
fluxes of heat and water vapor, together with moist static
stability. Convective heat and water vapor transports and
released latent heating then alter the moist static stability
further. The properties and vertical distribution of con-
vective clouds are also predicted. Then the model does
the same thing to the large-scale layer clouds. The ac-
cumulated vertical distributions of temperature, humid-
ity, and clouds are then passed to the radiation subrou-
tine to end time step 2; however, in our experiments the
CVS is again changed to the one specified for that case.
The main point illustrated by Fig. 11 is that changes of
the cloud vertical distribution perturb the radiative cool-
ing and alter the Hadley circulation; together the radi-
ation and Hadley circulation change the latent heating
by convection (and layer clouds) in the Tropics, which
produces a feedback on the Hadley circulation. How-
ever, radiative cooling dominates in the subtropics (Fig.
10) and so, since Hadley circulation depends on the
meridional gradient of diabatic heating, the contrast of
opposing diabatic heating changes in the Tropics by
radiation and deep convection with that of radiation (al-

most alone) in the subtropics will alter the Hadley cir-
culation further.

b. Clear versus cloudy skies

The initial tendency caused by removing all the
clouds in the GISS GCM is to increase the radiative
cooling of the tropical troposphere, but decrease it at
higher latitudes (Fig. 12a), consistent with the finding
of Rossow and Zhang (1995). Removing clouds in the
radiation scheme (dashed line in Fig. 13) also warms
the surface in the Tropics. This destabilization encour-
ages the release of more latent heat by convection (Fig.
12b). Note that the increase of vertically integrated la-
tent heating at 68N (dominated by a precipitation max-
imum in the western Pacific in January, Fig. 14a) is
much smaller than it is near 68S (dominated by precip-
itation maxima over South America and Africa, Fig.
14a). Figure 14b also indicates the suppression of the
precipitation maxima over the SH tropical land areas by
the cloud radiative effects.

The precipitation maxima in the Tropics respond dif-
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FIG. 10. (a) The total diabatic heating rate in the atmosphere in January in the control run and
its two main components, (b) the moist convective heating and (c) radiative heating in units of K
day21.

ferently over land and ocean to the removal of clouds
(CLR) or moving all clouds to layer 7 (SL7) (Figs.
14b,c). The largest change occurs over land in CLR
(increasing, Fig. 14b), but occurs over ocean in SL7
(decreasing, Fig. 14c). This can be understood from
different radiative cooling profiles in CLR and SL7 (Fig.
13) and the slower response of ocean surface temper-
ature to changes in surface radiative heating. In CLR,
the transient surface heating shown in Fig. 13 occurs
only over land, reinforcing the destabilization of the
troposphere by removing clouds, so the precipitation
increases over land are larger than over oceans (Fig.
14b). In SL7, however, the radiative heating at the sur-
face is smaller than in the middle and higher tropo-
sphere, resulting in a more stable atmosphere compared
with the control run (Fig. 13). Without the more rapid
surface heating of the land surface, the stabilization is
stronger over ocean, leading to a stronger precipitation
decrease there (Fig. 14c).

Because of the differing land–ocean responses to re-
moving clouds (a globally uniform change), the result-
ing changes of latent heating do not compensate the

radiative cooling (Figs. 12a,b) the same way every-
where; hence, the secondary peak of total diabatic heat-
ing increases and moves 48 southward, while there is
little change in the primary peak near 68N (Fig. 12c).
In the subtropics, Fig. 12a shows that there are only
minor changes in the radiative cooling (since the clouds
originally were mostly low level) that dominates the
total diabatic heating there. This combination of changes
intensifies the ascending branch of the Hadley cell in
the NH and shifts it southward by 48 (Fig. 3 and Table
2). Although the satellite analyses (Sohn and Smith
1992a; Rossow and Zhang 1995) correctly indicate the
initial tendency caused by cloud effects on radiation,
the actual response of the real atmosphere is likely to
be more complicated because of feedbacks by convec-
tion (though not necessarily the same as in this model).

The intensification of the Hadley circulation under
clear sky has several positive feedbacks on latent heat
release in the Tropics; there is more moisture conver-
gence into the Tropics and more surface evaporation
under the clear sky (not shown). In this GCM, ther-
modynamic changes, large-scale dynamics, and surface
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FIG. 11. Schematic showing how perturbations in cloud distribu-
tions in the Tropics affect Hadley circulations. See section 4a.

FIG. 12. (a) Vertically integrated radiative cooling, (b) moist con-
vective heating, and (c) total diabatic heating as a function of latitude
in the unit of 1013 W for the control run (solid line) and CLR (dashed
line).

evaporation all lead to more latent heat release when
clouds are completely removed.

c. Transient versus equilibrium response

In the two experiments run to equilibrium (CLR-E
and SL7-E), the final atmosphere is cooled more by
radiation at all latitudes compared with the control run
(Fig. 15a) because atmospheric temperatures are higher
(see Fig. 16). This differs from the corresponding tran-
sient runs (CLR and SL7) (Figs. 12 and 17) where,
although the radiation is changed by altering the clouds,
the atmospheric and surface temperatures have not yet
responded much after three months. In SL7-E, the ef-
fects of the atmospheric temperature and humidity in-
creases overwhelm the opposing effect of raising cloud-
layer height (see Fig. 16 for SL7-E). Although this result
may not be realistic, because we fix the cloud-layer
structure regardless of changes in the circulation, it il-
lustrates the complex interplay of the clouds, surface,
and atmosphere in determining the radiation balance; it
is overly simplistic to consider a simple direct response
to a cloud change.

In CLR-E and SL7-E, the tropical atmosphere is heat-
ed at the surface and lower levels and cooled at higher
levels by radiation (not shown, see Fig. 16 for temper-
ature in SL7-E). As a result of this destabilization, there
is more latent heat release (Fig. 15b). The maximum of
latent heating moves from 68N to 68S (Fig. 15b). Over-
all, latent heating and radiative cooling still partially

compensate each other, producing the two maxima and
extending the zone of net diabatic heating to higher
latitudes (Fig. 15c). Consequently, the latitudinal gra-
dient of total diabatic heating is actually reduced and
the resulting Hadley circulations are weaker in intensity
but wider in latitudinal extent (Figs. 4 and 9).

d. Single-layer clouds versus double-layer clouds

Moving a single-layer cloud above (below) the orig-
inal global mean location (layer 4) produces warming
(cooling) by radiation in the atmosphere at all latitudes
compared to SL4 (Fig. 17a). Figure 11 shows that mov-
ing the cloud layer affects the vertical profile of radiative
cooling in the Tropics and, consequently, also leads to
changes in latent heat release by convection. Figure 18
shows that, when a single-layer cloud is lifted to layer
7 (dot–dashed line in Fig. 18), the boundary layer cools
and the atmosphere above it warms, which produces a
46% increase in static stability and a significant reduc-
tion of latent heating (Fig. 17). In the Tropics this de-
crease in latent heating is partially offset by the de-
creased radiative cooling caused by the higher clouds,
whereas radiative cooling dominates in the subtropics;
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FIG. 13. Vertical profiles of integral of radiative cooling from 158S
to 158N in the unit of 1013 W for the control run (solid line), CLR
(dashed line), and SL7 (dotted line).

hence, the latitudinal gradient of total diabatic heating
is reduced and the Hadley circulation suppressed (Fig.
17c). Variations in SL5 are similar, though smaller than
in SL7; variations in SL3 are similar but opposite in
sign.

A global distribution of single-layer clouds is not re-
alistic; the GISS GCM produces multilayered cloudiness
about 24% of the time with a distinct geographic pattern,
where observations imply a frequency of multilayered
clouds that is higher (cf. Warren et al. 1985; Wang and
Rossow 1995; Wang 1997; Jin and Rossow 1997). The
Group 4 (Table 1) experiments exaggerate the effects
of multilayered cloudiness by assuming that all clouds
are two layered. The first two cases have the lower cloud
in layer 3 but different upper-level cloud locations. The
weaker but wider Hadley cells in DL37 than in DL35
described in section 3d can be understood from the ex-
planations for the differences between SL7 and SL5 (cf.
Figs. 17 and 18).

The remaining experiments have the upper cloud in
layer 7 with a variable lower cloud location. As the
separation between the two cloud layers increases, a
larger portion of the middle atmosphere within and
above the lower cloud layer in the Tropics is cooled by
radiation, but the atmosphere below the lower layer is
warmed compared with clouds only in layer 7 (the cool-
ing is stronger than heating, Fig. 19). As a result, the
vertically integrated radiative cooling increases (not
shown). Inserting a cloud layer into layer 6 generates a
dipole structure of radiative heating/cooling within the
clouds, heating in layer 6 and strong cooling in layer 7

(Fig. 19), also leading to an increase of the vertically
integrated radiative cooling (not shown). This vertical
structure of the radiative cooling accounts for a reduc-
tion of the static stability by two-layered clouds (Fig.
20). The unstable atmosphere releases more latent heat
in the Tropics (not shown). The latitudinal gradient of
total diabatic heating for two-layered clouds is also in-
creased because the latent heating is partially offset by
radiation only in the Tropics, intensifying the Hadley
circulation (Fig. 8). Moreover, surface evaporation in-
creases for two-layered clouds because the surface
winds are stronger for the stronger circulation, serving
as a positive feedback. As the height of the lower cloud
layer increases, the atmosphere becomes more unstable
(Fig. 20) and the unstable layer rises (Fig. 19a), so both
the intensification and the altitude of the peak intensity
of the Hadley cells increase (Fig. 8).

Experiments SL7 and DL67 have clouds with the
same cloud-top pressure, but different cloud-layer thick-
nesses, and exhibit quite different radiative cooling pro-
files (Fig. 19) and Hadley circulations (Fig. 8). Although
the vertically integrated net radiation from the cloud
layer is the same, representing the cloud with a single-
model-layer eliminates by averaging the stronger heat-
ing and cooling features that the double-model-layer
cloud is able to represent explicitly. The fact that the
GISS GCM reacts dynamically to this smaller vertical-
scale feature makes it significant for this model, if not
realistic. No current GCM explicitly represents the pro-
file of radiative heating within a cloud layer. Whether
this is a deficiency depends on the vertical scale in-
volved and whether that vertical scale should be rep-
resented, given the model horizontal resolution (see
Lindzen and Fox-Rabinovitz 1989; Fox-Rabinovitz and
Lindzen 1993). If dynamic modes with vertical scales
less than about 1 km [the average layer thickness of
clouds, (Wang 1997)] must be represented, then the di-
pole structure of radiative heating in a cloud layer may
need to be explicitly represented in GCMs. This could
be accomplished by splitting any cloud layer with a
vertical extent $1 km into two explicit model layers
for the radiation and dynamics subroutines or generally
increasing the vertical resolution to resolve most cloud
layers as two model layers. Surveys of cloud-layer
thicknesses suggest that this would require vertical res-
olutions of 0.5 km (Poore et al. 1995; Wang and Rossow
1995; Wang 1997). Currently, most GCM cloud
schemes only predict cloud-layer thicknesses by making
separate predictions for each model layer (except for
convective clouds); however, Del Genio et al. (1996)
have developed a method for predicting cloud-layer
thicknesses that are smaller than the model layers. The
fact that such a difference in the model representation
of even a single cloud layer causes significant changes
in the model circulation calls attentions to the need for
further investigation of GCM vertical resolution, es-
pecially involving clouds and radiation.
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FIG. 14. (a) Global distribution of precipitation (mm day21) in the control run, (b) the difference between
CLR and the control run, and (c) the difference between SL7 and the control run.

5. Discussion

Thirteen experiments have been performed with a
new version of the GISS GCM to investigate the initial
response of the large-scale circulation to imposed
changes in its cloud vertical structure (CVS). We focus
on the effects of changed CVS on the mean meridional
circulation (MMC) and consider not only the direct
changes of radiative cooling but also the feedback
through induced changes in deep convection (latent
heating). We also examine 1) the overall radiative effects
of clouds on the model climate (clear versus cloudy
skies), 2) the influence of the latitudinal and longitudinal
variations of clouds (latitudinal and longitudinal vari-
ations versus globally uniform), and 3) the differences
between the transient and equilibrium responses of the
MMC. Several important points from the results are
highlighted below.

a. Cloud-radiative effects

The effects of cloud changes on the earth and surface
radiation budgets (ERB and SRB) are only indirectly
related to the atmospheric circulation. For example,
identical cloud-induced changes on ERB can produce
drastically different changes in the vertical profiles of
radiative fluxes, as happens in our experiments SL7 and
DL67, where clouds have the same top pressure and
total optical thickness. The different radiative cooling
rate profiles (Fig. 19), however, cause noticeably dif-
ferent Hadley circulations (Fig. 8). Both Slingo and
Slingo (1988) and Randall et al. (1989) also emphasized
the importance to the atmospheric circulation of the ver-
tical distribution of radiative fluxes within the atmo-
sphere. Thus, we focus on the changes in radiative heat-
ing profiles within the atmosphere caused by changes
in clouds, especially their vertical structure. To avoid
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FIG. 15. (a) Vertically integrated radiative cooling, (b) moist con-
vective heating, and (c) total diabatic heating as a function of latitude
in the unit of 1013 W for the control run (solid line), CLR-E (short
dashed line), and SL7-E (long dashed line).

FIG. 16. The differences in (a) temperature (8C) and (b) specific humidity (kg kg21) between
SL7-E and the control run.

confusion of terminology, we refer to changes of the
radiative heating profiles induced by changes in clouds
as the cloud radiative effect (CRE).

We evaluate the overall CRE and illustrate the com-
plexity of determining the cloud effects with experi-
ments CLR and CLR-E. The radiative and circulation
changes induced by removing clouds in these two ex-
periments are different because the atmospheric and sur-
face properties (particularly temperature) are so differ-
ent. In the transient experiment, atmospheric and surface
temperatures are nearly the same as in the initial state,
so that the CRE is the direct radiative effect of the cloud
changes, together with the fast feedbacks, especially
moist convection and the large-scale circulation. In the
equilibrium experiment, the atmospheric and surface
properties have changed dramatically from the initial
state so that the CRE, if evaluated by comparing clear
and cloudy radiative cooling rates (as commonly done),
includes the response of the atmospheric and surface
temperatures as well. Similarly, in the two single-layer
experiments with clouds at the tropopause, SL7 and
SL7-E, the CRE is very different when the atmospheric
and surface temperature changes are included. Thus, the
CLR results better represent the initial tendency pro-
duced by perturbing the clouds but not their ultimate
feedback on the (model) climate.

b. Cloud effects on latent heating

When cloud changes induce perturbations in the ra-
diative cooling rate profile, the effect on the atmospheric
static stability also alters moist convective (latent) heat
release. In our model, this feedback generally opposes
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FIG. 17. (a) Vertically integrated radiative cooling, (b) moist con-
vective heating, and (c) total diabatic heating as a function of latitude
in the unit of 1013 W for the experiments with a single-model-layer
cloud in layer 4 (SL4, solid line), 3 (SL3, long-dashed line), 5 (SL5,
short-dashed line), and 7 (SL7, dot–dashed line).

FIG. 18. Vertical profiles of integral of radiative cooling from 158S
to 158N in the unit of 1013 W for the experiments with a single-model-
layer cloud in layer 4 (SL4, solid line), 3 (SL3, long-dashed line), 5
(SL5, short-dashed line), and 7 (SL7, dot–dashed line).

FIG. 19. Vertical profiles of integral of radiative cooling from 158S
to 158N in the unit of 1013 W for SL7 with a single-model-layer cloud
in layer 7 (SL7, solid line), and the experiments with two-layered
clouds in layers 7/3 (DL37, long-dashed line), 7/5 (DL57, short-
dashed line), and 7/6 (DL67, dot–dashed line).

the radiative perturbation, but does not always balance
it locally or in detail because the two processes are not
directly linked. In the clear-sky experiment, the transient
response of the atmospheric thermal structure is small.
Thus, removal of the clouds cools the upper atmosphere
and warms the surface radiatively and the consequent
destabilization increases convective heating in the Trop-
ics, which happens to exceed the radiative cooling in
magnitude. In the subtropics, removal of the clouds in-
creases radiative cooling. Increased diabatic heating
near the equator and increased cooling in the subtropics
intensify the Hadley circulation. Thus, although the
purely radiative effect of removing clouds would de-
crease the Hadley circulation, the operation of the other
feedbacks, especially convection, changes the diabatic
heating gradient and the resulting circulation response,
in this model at least. Similarly in the other experiments,
the responses of this model’s Hadley circulation to the
purely radiative perturbations induced by changes of
CVS are significantly altered by induced changes of
moist convection. Whether or not our particular GCM
represents this coupling correctly, this link establishes
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FIG. 20. Latitudinal variations of static stability (K km21) for SL7
(solid line), DL37 (long-dashed line), DL57 (short-dashed line), and
DL67 (dot–dashed line).

the importance of CVS and its radiative consequences
for a proper understanding of the climate.

c. Effects of spatial variations of cloud properties on
the MMC

In all 13 experiments, total column cloud optical
depth and cloud cover are still predicted by the GCM,
so that their mean values and spatial distributions do
not change from the control run except for feedbacks
by the altered atmospheric properties and circulation. In
11 transient experiments, these changes were negligible
and in the other two equilibrium experiments they were
very small. The largest changes occurred in the moist
convective cloud cover in the experiments with cloud-
top pressures at 150 mb (SL7, DL37, DL57, and DL67):
convective cloud cover decreased by about one-third,
but this only represents a 6% change in total cloud cover.
Therefore, we ignore changes in cloud cover and optical
properties and focus on the changes of CVS and their
spatial distribution.

In all 10 experiments in groups 2, 3, and 4 in Table
1, the Hadley circulation is suppressed relative to the
control run (Table 2), because they lack the horizontal
cloud height variations and have simpler CVS. When
the model clouds are restricted to be single layered,
introducing latitudinal variations in their heights, similar
to those in the control run (ZMSL), strengthens the Had-
ley circulation, whereas introducing the longitudinal
variations from the control run (GDSL) reduces the Had-
ley circulation. However, the effects of changes in the
horizontal distribution of cloud heights are smaller than
those produced by changing the vertical distribution, the
CVS, away from a globally uniform, single-layered
cloud. For example, inserting a cloud below layer 7
(DL37, DL57, and DL67) causes an increase in the ver-
tically integrated peak intensities of the Hadley circu-
lation in the NH by 18%, 33%, and 49%, respectively,
compared with SL7, whereas introducing latitudinal
cloud-height variations (ZMSL-SL4) only increases the
peak intensity by 5% (Table 2). Changing latitudinal
and longitudinal gradients of cloud properties also alters
the eddy motions that are responsible for the thermally
indirect Ferrel cells; but we focus on the Hadley cir-
culation here.

Systematic changes in CVS alter the vertical gradient
of radiative cooling, but the effect on the Hadley cir-
culation is also altered by the radiation- and circulation-
induced changes of deep convection. Moving a single-
layer cloud either up or down from the control-climate-
average cloud position in layer 4 suppresses the Hadley
circulation further, more so as the cloud layer moves
higher (see Fig. 7). Thus, for single-layered clouds with
control run properties (optical thickness and area cover),
the strongest Hadley circulation is produced by a cloud
layer near the middle of the troposphere. Adding a sec-
ond layer, even preserving the average height (experi-
ment DL35), strengthens the Hadley circulation relative
to a single-layer cloud. This suggests that the stronger
Hadley circulation in the control run relative to that in
SL4 can be approximately explained by the radiative
effects of a significant fraction of multilayered clouds,
together with the horizontal variations of cloud vertical
distribution. In experiments with two-layered clouds
having the uppermost cloud at the same location (DL37,
DL57, and DL67), the Hadley circulation is stronger
than with only a single-layer cloud (SL7). The fact that
the largest difference appears for the experiment with
one cloud layer represented by two model layers (DL67,
Fig. 8) suggests that resolving the within-cloud radiative
profile for deep cloud layers may be dynamically sig-
nificant. Similar experiments with both layers at lower
altitudes suggest a weaker dependence on vertical res-
olution. In experiments with two-layered clouds with
the similar separation distances, but different mean
heights (DL35 and DL57), the one with the lower cloud
tops (DL35) has the stronger Hadley circulation (Table
2). The weaker and wider Hadley circulation in DL37
than in DL35 again demonstrates that as the height of
uppermost cloud layer is elevated, and/or the gap be-
tween two-layered clouds is broadened, the intensity of
Hadley circulation is suppressed, but its horizontal ex-
tension is increased. Therefore, all three parameters of
the CVS, uppermost cloud-top height, the occurrence
of multiple layers, and the separation distances between
the layers, appear to have roughly equal significance in
determining the Hadley circulation.

d. Significance of the results

The changes in cloud vertical structure imposed on
the model in this study are idealized and much more
extreme than would probably occur during a climate
change. Moreover, the particular details and magnitudes
of our model responses may be dependent on this
model’s convection and other schemes, particularly, on
the order in which the physics subroutines are executed.
For example, comparing the changes in precipitation in
our CLR experiment, where surface temperatures
change little, with the changes produced in the model
of Slingo and Slingo (1988) by removing all cloud ef-
fects on longwave (LW) radiation shows that they are
diametrically opposite; in their experiment, precipitation
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is enhanced over the tropical areas where convection is
concentrated, whereas in our experiment, it is sup-
pressed. In their model, the cloud’s LW radiative effect
is a warming throughout the troposphere that intensifies
the Hadley circulation and enhances the low-level con-
vergence of moisture, thereby increasing convective ac-
tivity and precipitation (despite stabilizing the upper-
tropical troposphere). In our model (see section 4), the
cloud radiative heating of the atmosphere first stabilizes
the troposphere which, consequently, reduces convec-
tive activity and precipitation. Then the net effect of the
radiative heating is offset by a decrease in latent heating
resulting in a weakening of the Hadley circulation.
These model differences highlight the need to under-
stand the links among the large-scale dynamics, cloud-
radiation interaction, and moist convection.

It is also plausible that the model’s vertical resolution
affects the details of this study. Whether the Hadley
circulation is sensitive to increased vertical resolution
depends on how the radiative profile varies with the
model’s vertical resolution and how the GCM responds
to resultant perturbations in radiative profile. As pointed
out in section 4d, the comparison of SL7 and DL67
implies that increasing our model’s vertical resolution
to 18 layers can result in significantly different Hadley
circulations in our model because our model reacts dy-
namically to this smaller vertical scale feature.

Nevertheless, these experiments serve to highlight the
role of CVS in affecting the atmospheric circulation and
the role of feedbacks, particularly moist convection, in
determining the response of the whole system. Although
the magnitude of the changes in the Hadley circulation
produced in our experiments is about the same as pro-
duced in this model when the CO2 abundance is doubled
(not shown), the changes in CVS that would occur dur-
ing a climate change are likely to be much smaller. The
similarity in magnitudes suggests that such CVS
changes could constitute an important cloud feedback
on climate change, in addition to others that have been
studied. Comparing the transient and equilibrium ex-
periments shows that the nature of such a feedback is
ambiguous because the effect of the initial cloud-in-
duced radiation changes can be altered by the subse-
quent response of the climate system. Moreover, the
‘‘cloud radiative effect’’ cannot usefully be considered
separately from the role of clouds in the hydrological
cycle, which is the other major component of the dia-
batic forcing of the atmospheric circulation.

e. Suggestions for model improvement

This study indicates some cloud parameters that must
be observed and modeled accurately to obtain correct
circulations: in addition to cloud-top and -base heights,
the layer thicknesses and number of layers are also sig-
nificant in determining the Hadley circulation. Changes
in CVS affect the Hadley circulation by directly mod-
ifying the radiative cooling profile and indirectly mod-

ulating convective heating profile. Clouds with the same
cloud-top pressure but different cloud-layer thicknesses
(SL7 vs. DL67) produce quite different Hadley circu-
lations (Fig. 8), indicating a sensitivity of the atmo-
spheric circulation to details of the vertical heating/cool-
ing profile at scales as small as ;2 km in this model.
The dipole structure of radiative heating/cooling profile
(base warming and top cooling) is also important for
cloud formation and maintenance, such as for cirrus
clouds (Starr and Cox 1985). Global and annual mean
cloud-layer thickness is estimated to be 1.39 km (98
mb) (Wang 1997), with a mean separation distance for
multilayered clouds of about 2.1 km (175 mb), sug-
gesting model vertical resolutions may need to be at
least 695 m (30–40 mb). However, it may be possible
to parameterize both sublayer cloud thicknesses (e.g.,
Del Genio et al. 1996) and the more detailed radiative
heating profile and its dynamic consequences. Note, we
have not considered the additional effects on the radi-
ative heating profile of vertical variations of optical
properties within the cloud layer (e.g., Nicholls and
Leighton 1986; Ackerman et al. 1988; Davies and Alves
1989; Matrosov et al. 1994). Consequently, observa-
tions of cloud vertical structures need a vertical reso-
lution of at least 695 m (30 mb) to improve our un-
derstanding of these issues further.
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